An Er 3 Fe 5 O 12 ceramic has been sintered in oxygen atmosphere at 1400 C for dielectric measurements. Its structural quality at room temperature has been checked by combining transmission electron microscopy and X-ray diffraction. It crystallizes in the cubic space group Ia3d with a ¼ 12.3488(1). The dielectric permittivity (e 0 ) and losses (tan d) measurements as a function of temperature reveal the existence of two anomalies, a broad one between 110 K and 80 K, attributed to the Er 3þ spin reorientation, and a second sharper feature at about 45 K associated to the appearance of irreversibility on the magnetic susceptibility curves. In contrast to the lack of magnetic field impact on e 0 for the former anomaly, a complex magnetic field effect has been evidenced below 45 K. The isothermal e 0 (H) curves show the existence of positive magnetodielectric effect, reaching a maximum of 0.14% at 3 T and 10 K. Its magnitude decreases as H is further increased. Interestingly, for the lowest H values, a linear regime in the e 0 (H) curve is observed. From this experimental study, it is concluded that the e 0 anomaly, starting above the compensation temperature T c (75 K) and driven by the internal magnetic field, is not sensitive to an applied external magnetic field. Thus, below 45 K, it is the magnetic structure which is responsible for the coupling between spin and charge in this iron garnet. V C 2013 American Institute of Physics.
INTRODUCTION
The possibility to couple spins and charges in transition metal oxides is an attractive research field for physicists and chemists. After the colossal magnetoresistance (CMR) in manganites, several magnetodielectrics (MD), with H induced changes of the dielectric permittivity, and magnetoelectrics, with H induced changes of the polarization, have been discovered. Among them, the iron garnets are attracting much attention: at low magnetic fields ((1 T), induced magnetocapacitance effects have been reported with values reaching 13% in 0.5 T at 10 K in Y 3 O 12 formula (RE ¼ rare earth, also labeled REIG where I and G stand for iron and garnet, respectively), crystallizing in a cubic structure (Ia3d space group), are ferrimagnetic with T N $ 560 K. The Fe 3þ ions are occupying the 16 a (0 0 0) octahedral and 24d (3/8 0 1 = 4 ) tetrahedral sites, whereas the RE ions are distributed over the 24c (1/8 0 1 = 4 ) Wyckoff position and O is in the (0.027 0.057 0.153) 96h site (inset of Fig. 1 ). At room temperature, the magnetic ground state is ferrimagnetic, resulting from uncompensated moments of Fe 3þ in both sites. Then, at lower temperature and for heavy RE, the magnetization due to RE (M RE ) can be as high as to compensate the magnetization at the iron sites (M Fe ) leading to a zero net magnetization. 3 Considering the different RE elements, the case of Er 3þ is particularly appealing as several changes in the cubic lattice parameter related to magnetism indicate magnetostriction effects. [4] [5] [6] A first change in the lattice parameter below 105 K was attributed to the beginning of the spin reorientation when the erbium moments start to develop. The anomaly at 75 K was associated to the compensation temperature T c below which the non collinear magnetic structure referred as the "umbrella" sets in. C for 12 h in air, bars of typical size 2 Â 2 Â 10 mm were made by pressing the powder. The synthesis and sintering were realized in a single step in O 2 flow at 1400 C during 12 h. Transmission electron microscopy (TEM) was made on a crushed sample deposited on a holey carbon grid and performed with a Tecnai G2 30 UT microscope operating at 300 kV and having 0.17 nm point resolution. MACTEMPAS and CRYSTALKIT softwares have been used for image and electron diffraction (ED) pattern simulation. Electron energy loss spectroscopy (EELS) measurements were performed using a JEOL 3000F electron microscope operating at 300 kV by using the same specimen preparation. The EELS spectra were acquired with a 1 K GIF 2000 spectrometer with an energy resolution of 1 eV. A selective area aperture was used to select the sample area and spectra were acquired from the central diffraction spot with a collection angle of 2.2 mrad and a convergence angle of approximately 1.0 mrad. The core loss edge position was accurately acquired with respect to the zero loss peak with the method fully described in Ref. 7 .
ROOM TEMPERATURE STRUCTURAL CHARACTERIZATION AND ER AND FE OXIDATION STATES
The room temperature X-ray powder diffraction (XRPD) pattern ( Fig. 1) shows that the sample is single phase; the structure is refined in the Ia3d space group (No. 230), with a ¼ 1.23488(1) nm, in agreement with previous results. 5 The quality of the compound is, moreover, confirmed by the electron microscopy study.
TEM analysis of numerous Er 3 Fe 5 O 12 crystallites reveals a very good crystallinity. ED patterns of Er 3 Fe 5 O 12 along the major zones are shown in Fig. 2 . The spots intensity distributions within individual reflections in [111] ED pattern are compatible with the Ia3d space group used to refine the structure from X-ray diffraction data. The uniform contrast over all crystallites suggests a homogeneous structure. Fig. 3 (Fig. 4) . [7] [8] [9] [10] The Fe L23 edge fine structure and peak position of Er 3 
T-DEPENDENT DIELECTRIC PERMITTIVITY AND MAGNETIC SUSCEPTIBILITY
Electrodes were made using silver paste on a plate of dimensions 2 Â 2 Â 0.7 mm with parallel surfaces. Temperature (T) dependent dielectric properties were measured with an Agilent 4284 LCR meter by using a home-made sample holder set in a 14 T quantum design physical property measurement system. The dielectric permittivity was measured at different frequencies (20 kHz-100 kHz) at an excitation voltage amplitude of 1 V.
The T dependent dielectric permittivity (e 0 ) and losses (tan d) are shown in Fig. 5 for different frequencies. Both quantities are almost frequency independent over a wide range of frequencies (from 20 Hz to 100 kHz), which indicates that this sample is highly insulating even at room temperature, with a dielectric constant value of 16.8 at 300 K and 100 kHz. The e 0 values are only slightly changing from 8 K to 300 K, i.e., 3.3%, with limited frequency dispersion even at 300 K. The dielectric losses are also very small, with maximal values of about 10 À3 as shown in the inset of Starting from 300 K (Fig. 5) , as T decreases, the e 0 (T) curve exhibits a broad anomaly over the 110 K-80 K range, whereas an additional small peak is observed in the tan d(T) 
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curve at 45 K (inset). These data have to be compared to the T dependence of the magnetic susceptibility v(T) (Fig. 6 ). Below about 110 K, a decrease of the magnetic susceptibility is observed down to reach the compensation point, at T c ¼ 75 K. Thus, there is a clear correspondence between e 0 and the magnetic susceptibility in the T c region: the anomaly in e 0 in the 110 K-80 K range is associated with this decrease of magnetic susceptibility and the one at 45 K in tan d corresponds to the temperature below which an irreversibility starts between the zfc and fc curves (Fig. 6) . The characteristic temperatures in the range 110 K to T c are close to the anomalies observed in lattice parameters 4 and associated with a progressive ordering of the Er 3þ magnetic moments. 5 As T decreases, below 110 K, Er 3þ spins start to set in and the antiferromagnetic coupling between the Er 3þ spins and the net magnetization of the Fe 3þ spins induces a v decrease down to the compensation. The origin of the second anomaly at 45 K is unclear as no change in the lattice constant corresponds to that temperature. 4 Nonetheless, it could be attributed to the end of the Er 3þ spin reorientation as proposed by these authors. e 0 (T) H curves were also collected at 100 kHz by applying different magnetic fields (Fig. 7) . The e 0 anomaly in the T c region, though frequency dependent (Fig. 5) , is not sensitive to the application of an external magnetic field as high as 14 T. This demonstrates that the e 0 change in the compensation T region is essentially driven by the internal magnetic field. In contrast, by further decreasing the temperature, below the second anomaly at $45 K, e 0 (T) is found to be magnetic field dependent (Fig. 7) , with a nonmonotonous evolution: starting from 8 K (lowest experimental temperature); first, a clear positive MD effect is evidenced with e 0 increasing as the external applied magnetic field is increased up to $5 T. Then, for larger H values, a negative MD effect is evidenced (see curve for H ¼ 14 T as compared to 5 T). Moreover, this "up-down" effect is stronger at lower temperatures and disappears above %45 K (as shown in inset of Fig. 7) , temperature corresponding to that of the coincidence of the zfc and fc v(T) curves.
A similar divergence of the zfc and fc v(T) curves at the temperature, where the MD effect begins, was reported for Dy 3 Fe 5 O 12 .
11 In this work, the evidence for a MD effect below that temperature was interpreted as the setting of the noncollinear magnetic structure.
ISOTHERMAL H-DEPENDENT DIELECTRIC PERMITTIVITY AND MAGNETIZATION
From the isothermal magnetodielectric curves presented in the inset of Fig. 7 , a clear positive MD effect at low magnetic field (<1 T) is first evidenced for T values below $45 K. This effect is maximum for the lowest T of 10 K and is totally suppressed for T ¼ 50 K. Those curves have to be compared to the H driven magnetization [M(H)] curves, given in Fig. 8 , which have been enlarged in the À1.5 T to 1.5 T range. As in the case of Dy 3 Fe 5 O 12 single crystals, 11 the M(H) curves exhibit almost no hysteresis. First, a rapid linear increase (see the curve at 10 K in Fig. 8 ) below $0.1 T is observed. In DyIG, this linear behavior in the M(H) was assigned to a rotation of the magnetic domains. 11 Above that H values, a curvature of the M(H) curve occurs and is followed by a linear regime, without saturation (inset up to 5 T) as expected for a ferrimagnet. The MD effect continues to increase up to 3 T at 10 K and then decreases leading to a rounded maximum. The characteristic field of this maximum increases with T (inset of Fig. 7 ). As our measurements are made on polycrystalline samples, averaging over all directions, this H dependence of the MD effect, first dominated by a positive regime and then by a negative one, can be attributed to a mixture of different contributions coming from differently oriented crystallites. This might explain why no direct relationship can be established between the characteristic magnetic field values taken on the e 0 (H) and M(H) curves. These different types of measurements averaging different contributions yield to significant shifts as for the linear regime at low H of the M(H) curve which is limited to 0.1 T, whereas this regime seems to be existing up to higher fields in the e 0 (H) curves. 12 being giant in the case of Tb, Ho, and Dy. In Ref.
11, for DyIG crystals, a clear similarity between the magnetic field dependent magnetostrictive constants and dielectric permittivities was evidenced. However, the sign of the magnetostrictive constant itself depends on the rare earth as a result of the local crystal field anisotropy. For instance, the magnetostrictive constant changes from TbIG to DyIG. 12 Also, compared to TbIG and DyIG, ErIG exhibits a partially quenched orbital moment. Thus, as the magnetostriction of TbIG, DyIG, and ErIG is a combination of exchange anisotropy and crystal field anisotropy, 12 it would be necessary to measure crystals to elucidate the mechanism behind the magnetodielectric effect in REIG. Finally, this study confirms that the RE garnets provide candidates for MD effects at low magnetic field.
